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B lymphocytes spread and extend membrane pro-
cesses when searching for antigens and form im-
mune synapses upon contacting cells that display
antigens on their surface. Although these dynamic
morphological changes facilitate B cell activation,
the signaling pathways underlying these processes
are not fully understood. We found that activation
of the Rap GTPases was essential for these changes
in B cell morphology. Rap activation was important
for B cell receptor (BCR)- and lymphocyte-function-
associated antigen-1 (LFA-1)-induced spreading,
for BCR-induced immune-synapse formation, and
for particulate BCR ligands to induce localized
F-actin assembly andmembrane-process extension.
Rap activation and F-actin assembly were also re-
quired for optimal BCR signaling in response to par-
ticulate antigens but not soluble antigens. Thus by
controlling B cell morphology and cytoskeletal orga-
nization, Rapmight play a key role in the activation of
B cells by particulate and cell-associated antigens.
INTRODUCTION
The ability of B cells to reorganize their cytoskeleton helps them
scan for antigens (Ags). Within lymphoid organs, B cells move
across the surfaces of follicular reticular cells, dendritic cells
(DCs), and follicular dendritic cells (FDCs), spreading and ex-
tending membrane processes as they search for Ags present
in the interstitial fluids or displayed on the surface of Ag-present-
ing cells (APCs) (Allen et al., 2007; Bajenoff et al., 2006; Hauser
et al., 2007). Integrins mediate the adhesion of B cells to APCs,
and ‘‘outside-in’’ integrin signaling might promote cell spreading
and the extension of membrane processes.
Cytoskeletal reorganization and integrin activation are particu-
larly critical for APC-dependent B cell activation, an important
mode of B cell activation (Carrasco and Batista, 2006a). B cells
can be activated by APCs that capture Ags or immune com-
plexes and then display those Ags on their surface (Bergtoldet al., 2005; Huang et al., 2005; Qi et al., 2006). When B cells
contact membrane-bound Ags, B cell receptor (BCR) signaling
initiates formation of an immune synapse (IS), similar to the
T cell IS, in which a central cluster of BCRs is surrounded by
a ring of integrins (Carrasco et al., 2004). Initial BCR signaling
leads to F-actin-dependent spreading of the B cell (Fleire et al.,
2006), thereby allowing additional BCRs to bind Ags. The Ag-
bound BCRs are then concentrated into a central supramolecu-
lar activation cluster (cSMAC). BCR signaling also activates the
lymphocyte-function-associated antigen-1 (LFA-1) and very
late antigen-4 (VLA-4) integrins via ‘‘inside-out’’ signaling that
promotes integrin clustering as well as conformational changes
that increase their affinity for ligands. Once activated integrins
bind ligands on the APC, they are organized into a peripheral
pSMAC surrounding the cSMAC. This integrin-mediated attach-
ment prolongs the B cell:APC interaction and increases the
B cell:APC contact area such that more Ags can be bound by
BCRs and then concentrated into the cSMAC. In this way, integ-
rin engagement reduces the amount of Ag required for B cell
activation (Carrasco and Batista, 2006b; Carrasco et al., 2004).
Cytoskeletal reorganization and cell spreading might also be
important for the activation of B cells by particulate Ags with
repeating epitopes (e.g., bacteria, fungi). Unlike APC-associated
Ags, epitopes on particulate Ags might not be mobile, precluding
IS formation. Instead, B cells extend membrane processes
around model particulate Ags such as Ag-coated beads (Vidard
et al., 1996). This polarized cell spreading increases the contact
area and might allow more BCRs to bind epitopes on the partic-
ulate Ag.
The signaling pathways that regulate B cell morphology and
cytoskeletal organization are not fully elucidated. The Rap1
GTPases (Rap1A and Rap1B) regulate actin dynamics, cell
polarity, integrin activation, and cell migration by controlling
the actions of effector proteins such RapL, Rap1-GTP-interact-
ing adaptor molecule (RIAM), and the Rac GTPase activators
Vav2 and TIAM1 (Arthur et al., 2004; Bos, 2005; Han et al.,
2006; Katagiri et al., 2003; Kinashi, 2005; Lafuente et al., 2004;
Stork and Dillon, 2005). Although less well characterized, Rap2
has also been implicated in cell migration (McLeod et al., 2002;
Miertzschke et al., 2007). Consistent with the idea that the active
GTP-bound form of Rap promotes actin polymerization, we
showed that phorbol ester-induced increases in total F-actinImmunity 28, 75–87, January 2008 ª2008 Elsevier Inc. 75
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Rap Regulates B Cell Cytoskeleton and SignalingFigure 1. B Cells Undergo F-Actin-Dependent Spreading on Immobilized Anti-Ig, Anti-LFA-1, or ICAM-1
(A) A20 cells plated on tissue-culture wells coated with anti-IgG or mAbs against LFA-1 (TIB213), CD40, or FcgRIIB (all at 2.63 mg/cm2). Phase-contrast micros-
copy is shown, and scale bars represent 20 mm.76 Immunity 28, 75–87, January 2008 ª2008 Elsevier Inc.
Immunity
Rap Regulates B Cell Cytoskeleton and Signalingcontent in the A20 B cell line are substantially reduced when
Rap activation is blocked (McLeod et al., 2004). On the basis
of these findings, we hypothesized that activation of the Rap
GTPases plays a critical role in B cell spreading, polarization,
and IS formation.
We have previously shown that both the BCR and chemoat-
tractant receptors activate Rap1 and Rap2 (referred to collec-
tively as Rap) in B cells and that Rap activation is required
for these receptors to induce integrin-mediated adhesion (Du-
rand et al., 2006; McLeod et al., 2002). Moreover, expressing
a Rap-specific GTPase-activating protein (GAP) that converts
Rap1 and Rap2 to their inactive GDP-bound forms blocks
chemoattractant-induced B cell migration (Durand et al., 2006;
McLeod et al., 2002). B cells lacking the Rap effector RapL
also exhibit decreased adhesion and migration as well as im-
paired in vivo homing to lymphoid organs (Katagiri et al., 2003;
Katagiri et al., 2004).
In addition to cell adhesion and migration, Rap1 regulates cell
polarity. Activated Rap1 is at the leading edge of motile cells and
is important for chemokine-induced T cell polarization (Bivona
et al., 2004; Katagiri et al., 2003; Shimonaka et al., 2003). In
S. cerevisiae, the Rap1 ortholog Bud1 (Rsr1) determines the
site at which budding occurs by initiating F-actin assembly and
by directing polarized vesicle trafficking toward the growing
bud (Kang et al., 2001). T cell IS formation also involves polarized
vesicle trafficking toward the IS and employs evolutionarily
conserved polarity proteins (Krummel and Macara, 2006; Lud-
ford-Menting et al., 2005). Activated Rap1 binds the Par3-
Par6-aPKC polarity complex in T cells (Gerard et al., 2007)
and has been implicated in the trafficking of LFA-1-containing
vesicles to the T cell IS (Katagiri et al., 2006). The role of Rap
GTPases in establishing B cell polarity during IS formation or
when B cells bind particulate Ags has not been assessed.
In this report, we show that Rap activation plays a key role in
B cell spreading, BCR-induced IS formation, and the ability of
particulate BCR ligands to induce localized F-actin assembly
and membrane-process extension. We also show that Rap acti-
vation is needed for optimal signaling responses to particulate
BCR ligands.
RESULTS
BCR- and LFA-1-Induced B Cell Spreading
Cell spreading might enhance the ability of B cells to scan for
Ags. To study signaling involved in B cell spreading, we plated
B cells on surfaces coated with antibodies (Abs) to the BCR or
the LFA-1 integrin. In this way, the cells were passively captured
by the immobilized Abs, and cell spreading induced by clustering
the BCR or LFA-1 could be assessed independently of adhesion.We found that IgG+ A20 B cell lymphoma cells spread dramati-
cally when they are plated on immobilized anti-IgG or immobi-
lized LFA-1 monoclonal Abs (mAbs) (Figures 1A and 1B and
Figure S1 available online). Spread cells had an elongated or
irregular shape with membrane extensions and a length >1.5
times the width. By these criteria, 45%–75% of the cells spread
when plated for 1–4 hr on plates coated with anti-IgG or anti-
LFA-1 (Figures 1C and 1E and Figure S1). Because these LFA-
1 mAbs cluster LFA-1, but block the ligand-binding site, LFA-1
clustering must be sufficient for inducing cytoskeletal reorgani-
zation and B cell spreading. A20 cells exhibited similar spread
morphologies when plated on ICAM-1, the physiological ligand
for LFA-1 (Figure 1D).
Spreading was a specific response to engagement of the BCR
or LFA-1. A20 cells plated on immobilized mAbs to FcgRIIB or
CD40 rarely spread (Figures 1A–1C), even though they were cap-
tured by these Abs. Both BCR- and LFA-1-induced spreading
were dependent on the actin cytoskeleton and were blocked
when latrunculin A or cytochalasin D were used to depolymerize
F-actin (Figure 1E). The Src family kinase inhibitor PP2 also in-
hibited BCR- and LFA-1-induced spreading (Figure 1E), consis-
tent with the idea that Src kinases play a key role in regulating the
actin cytoskeleton in lymphocytes (Badour et al., 2004).
Other B cell lines, as well as activated splenic B cells, also
spread on immobilized Abs to the BCR or LFA-1. WEHI-231
cells, which resemble immature B cells, spread when plated on
immobilized anti-IgM, with many cells extending multiple mem-
brane processes (Figure 2E). Anti-CD40- plus IL-4-activated mu-
rine splenic B cells also spread dramatically when plated on im-
mobilized anti-IgM Abs, anti-LFA-1 mAb, or ICAM-1 (Figure 1F).
BCR- and LFA-1-Induced B Cell Spreading Depend
on Rap Activation
To assess the role of Rap activation in Ab-induced B cell spread-
ing, we blocked Rap activation by expressing RapGAPII, a Rap-
specific GAP that converts Rap1 and Rap2 to the inactive GDP-
bound form but that has no effect on activation of the Rac1, Ras,
or RhoA GTPases (McLeod et al., 2002; Mochizuki et al., 1999;
Polakis et al., 1991). We have shown that expressing RapGAPII
in the A20 and WEHI-231 B cell lines blocks BCR-induced acti-
vation of Rap1 and Rap2 without affecting the activation of JNK
or p38 (Christian et al., 2003), kinases that are downstream of
Rac in B cells. RapGAP expression has been widely used to
block Rap activation (Mochizuki et al., 1999; Reedquist et al.,
2000; Suga et al., 2001) and is more effective than single-gene
disruptions or knockdowns because Rap1A, Rap1B, Rap2A,
Rap2B, and Rap2C are encoded by separate genes and appear
to be functionally redundant in B cells (Duchniewicz et al., 2006).
We also blocked Rap activation by expressing Rap1N17,(B) Scanning EM of A20 cells plated 16 hr on coverslips coated with 17.7 mg/cm2 anti-IgG, anti-LFA-1, anti-CD40, or anti-FcgRIIB Abs. Scale bars represent
10 mm.
(C) A20 cells plated on wells coated with the indicated Abs (2.63 mg/cm2) or 2% bovine serum albumin (BSA) as a control. The percentage of adherent cells with an
elongated or irregular shape with membrane processes and a length >1.53 the width is shown. Each bar in (C)–(E) represents the mean ± SEM for >100 cells
counted in each of three to five experiments. A series of images showing cells scored as spread or not spread is shown.
(D) A20 cells plated on wells coated with BSA or 2.63 mg/cm2 ICAM-1. The scale bar represents 20 mm.
(E) A20 cells were treated with DMSO or 10mM PP2, latrunculin A, or cytochalasin D for 30 min, then plated on wells coated with 2.63mg/cm2 anti-IgG or anti-LFA-1.
Statistical significance versus DMSO control with Student’s two-tailed t test are as follows: *p < 0.05 and **p < 0.01.
(F) Murine splenic B cells that had been activated with anti-CD40 plus IL-4 were plated for 3 hr on wells coated with 4.2 mg/cm2 anti-IgM, anti-LFA-1, or ICAM-1.
Scale bars represent 20 mm. Insets are 33 higher magnification. For (D)–(F), similar results were obtained in three independent experiments.Immunity 28, 75–87, January 2008 ª2008 Elsevier Inc. 77
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Rap Regulates B Cell Cytoskeleton and SignalingFigure 2. BCR- and LFA-1-Induced B Cell Spreading Is Dependent on Rap Activation
(A) Vector control and RapGAPII-expressing A20 cells plated on wells coated with 2.63 mg/cm2 anti-IgG or anti-LFA-1 for 3 hr. Scale bars represent 15 mm.
(B) Spreading was quantified as inFigure 1. Each bar is the mean± SEM for >100 cells counted ineach of three to five experiments; **p < 0.01compared tocontrol cells.78 Immunity 28, 75–87, January 2008 ª2008 Elsevier Inc.
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Rap Regulates B Cell Cytoskeleton and Signalinga dominant-negative form of Rap1 that interferes with both Rap1
and Rap2 (Fu et al., 2007).
We found that Rap activation was critical for B cell spreading.
When plated on immobilized anti-IgG or anti-LFA-1, the number
of RapGAPII-expressing cells exhibiting an elongated or spread
morphology with membrane processes was substantially less
than that for control cells (Figures 2A and 2B), even though
the numbers of cells captured by the immobilized Abs were sim-
ilar for the control and RapGAPII-expressing cells (data not
shown). Rap1N17 expression also inhibited the spreading of
A20 cells on anti-Ig and anti-LFA-1 Abs (Figure 2C). Although
Rap1N17 expression did not reduce the number of A20 cells
that spread to the same extent as RapGAPII, which inactivates
Rap in an enzymatic manner, the mean area of Rap1N17 cells
was50% that of control cells after 4 hr (Figure S2). Thus, these
two approaches showed that Rap activation was important for
B cell spreading.
Scanning electron microscopy (EM) showed that control A20
cells plated on anti-IgG or anti-LFA-1 assumed an elongated
morphology, with extensive, asymmetric membrane aprons
and a somewhat flattened cell body (Figure 2D). In contrast, Rap-
GAPII-expressing A20 cells retained a round cell body, and the
membrane aprons were uniformly distributed around the cell
base (Figure 2D). Rhodamine-phalloidin staining showed that
control cells formed multiple F-actin-rich processes when plated
on immobilized anti-IgG but often adopted an elongated mor-
phology when plated on immobilized LFA-1 mAb (Figure S3),
similar to what was seen by scanning EM (Figure 1B). Rap acti-
vation was important for both these modes of spreading be-
cause most RapGAPII-expressing A20 cells remained small
and round, without large F-actin processes (Figure S3).
Rap activation was also required for spreading and mem-
brane-process formation by WEHI-231 B lymphoma cells and
primary B cells. Control WEHI-231 cells underwent dramatic
cell spreading and membrane-process formation when plated
on immobilized anti-IgM (Figure 2E), whereas RapGAPII-ex-
pressing WEHI-231 cells did not spread or form membrane pro-
cesses. Similarly, Rap1N17 expression substantially reduced
the number of activated murine splenic B cells that could spread
on immobilized anti-LFA-1 (Figure 2F) and reduced the mean cell
area by 50% (Figure S2). Thus, blocking Rap activation with
either RapGAPII or Rap1N17 inhibited the spreading of primary
B cells and B cell lines.
Consistent with the finding that BCR- and LFA-1-mediated
spreading was dependent on Rap activation, plating control
A20 cells on wells coated with LFA-1 mAbs or with anti-IgG re-
sulted in increased amounts of Rap1-GTP compared to cells
plated on BSA (Figure 3). Expressing RapGAPII blocked both
anti-LFA-1- and anti-Ig-induced Rap1 activation (Figure 3B).This supports the idea that the BCR and LFA-1 induced cell
spreading via Rap activation.
Rap Activation Is Required for Immune-Synapse
pSMAC Formation
B cell recognition of membrane-bound Ag leads to IS formation.
BCR signaling induces rapid cell spreading and subsequent con-
traction that gathers Ag-bound BCRs into a cSMAC (Fleire et al.,
2006). BCR signaling also triggers LFA-1 activation, leading
to ICAM-1 binding and organization of LFA-1 into a pSMAC.
pSMAC formation increases the contact area between the
B cell and the Ag-bearing membrane, thereby allowing more
Figure 3. Plating Cells on Anti-Ig or Anti-LFA-1 Induces Rap1
Activation
(A and B) Control and RapGAPII-expressing A20 cells were plated on
BSA, 2.63 mg/cm2 LFA-1 mAb (TIB213 or M17/4), or 2.63 mg/cm2 anti-IgG for
5–30 min. Scanned X-ray film images were saved as TIFFs, and relative
amounts of Rap1-GTP were quantified with ImageJ. In (A), the Rap1-GTP
amounts are normalized to the amount of total Rap1 in the cell lysates. In
both panels, the amount of Rap1-GTP in cells plated on BSA was defined as
1. Similar results were obtained in four experiments.(C) A20 cells were transiently transfected with 0.5 mg pmaxEGFP and 2 mg pcDNA3.1 (vector) or pcDNA3.1-Rap1N17, plated on coverslips coated with 5 mg/cm2
anti-IgG or anti-LFA-1, and imaged by fluorescence microscopy. The percentage of EGFP+ cells that spread is shown. Each bar is the mean ± SD for >100 cells
counted in each of two experiments. *p < 0.05 and **p < 0.005 compared to control cells. Scale bars represent 15 mm.
(D) Scanning EM of control and RapGAPII-expressing A20 cells plated on coverslips coated with 17.7 mg/cm2 anti-IgG or anti-LFA-1 for 4 hr. Scale bars rep-
resent 15 mm.
(E) Control and RapGAPII-expressing WEHI-231 cells plated on wells coated with 0.26 mg/cm2 anti-IgM Abs for 3 hr. Scale bars represent 20 mm. Similar results
were obtained in three experiments.
(F) The spreading of splenic B cells that had been activated with LPS plus IL-4 and then transiently transfected with pmaxEGFP and pcDNA3.1 or pcDNA3.1-
Rap1N17 was analyzed as in (C). Each bar is the mean ± SD for >100 cells counted in each of two experiments. *p < 0.05; **p < 0.005 compared to control cells.
Scale bars represent 15 mm.Immunity 28, 75–87, January 2008 ª2008 Elsevier Inc. 79
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Rap Regulates B Cell Cytoskeleton and SignalingFigure 4. Rap Activation Is Important for IS
Formation
Vector control and RapGAPII-expressing A20 cells
were allowed to settle onto lipid bilayers contain-
ing Alexa-633-conjugated anti-k light chain Ab
(green) as a surrogate Ag, with or without Alexa-
532-conjugated ICAM-1 (red). After 30 min, the
spatial localization of the surrogate Ag and
ICAM-1 was imaged by confocal microscopy.
(A) Differential interference contrast (DIC), fluores-
cence, and interference reflection microscopy
(IRM) images of representative cells from two
independent experiments. Scale bars represent
5 mm.
(B–D) The percent of cells forming a pSMAC (B),
the area of B cell contacts with the bilayer (deter-
mined by IRM) (C), and the relative amounts of
Ag accumulated (expressed as the sum of FITC
fluorescence) (D) are shown. Each data point is
the mean ± 95% confidence interval for 40–50
cells analyzed in two independent experiments.
*p < 0.05, **p < 0.01, and ***p < 0.001.BCRs to bind Ag (Carrasco et al., 2004). The signaling pathways
involved in Ag accumulation and pSMAC formation at the IS are
poorly understood.
Because Rap activation is required for BCR-induced integrin
activation (McLeod et al., 2004) and for actin-dependent B cell
spreading (Figures 2 and 3), we asked whether Rap activation
contributes to IS formation. We compared the ability of control
and RapGAPII-expressing A20 cells to form an IS on lipid bila-
yers containing anti-k light chain Abs as a surrogate Ag, with
or without GPI-linked ICAM-1. In the absence of ICAM-1, the
RapGAPII-expressing cells had a somewhat smaller contact
area between the cell and the bilayer (Figures 4A and 4C) than
the control cells. This was accompanied by a 50% decrease in
the amount of Ag accumulated in the cSMAC (Figures 4A and
4D). Much more dramatic differences were seen when ICAM-1
was included in the bilayer. In the presence of ICAM-1, 40%
of the control cells formed pSMACs, and this was accompanied
by increased contact area with the bilayer (Figures 4A and 4C) as
well as substantially greater Ag accumulation (Figures 4A and
4D) than in the absence of ICAM-1. Strikingly, the RapGAPII-
expressing cells were virtually unable to form pSMACs (Figures
4A and 4B). This was accompanied by a significant (p < 0.01) re-
duction in the contact area between the B cell and the bilayer,
compared to control cells (Figures 4A and 4C). As a conse-
quence, Ag accumulation was greatly diminished when Rap ac-
tivation was blocked (Figures 4A and 4D). Thus, in addition to
contributing to BCR-mediated Ag accumulation, Rap activation
was critical for formation of LFA-1-containing pSMACs and for
LFA-1 to enhance Ag accumulation at the IS.
Particulate BCR Ligands Induce the Formation
of F-Actin-Rich Cups via Rap Activation
Multivalent particulate Ags effectively activate B cells. Unlike sol-
uble Ags, particulate Ags initiate BCR signaling at a focused con-
tact site, thereby establishing a cell polarity that is accompanied80 Immunity 28, 75–87, January 2008 ª2008 Elsevier Inc.by localized cytoskeletal reorganization and signaling (Batista
et al., 2001). Because Rap1-GTP regulates cell polarity as well
as F-actin organization, we asked whether Rap activation is
needed for BCR-induced actin reorganization at the site of con-
tact with anti-Ig-coated beads, a model particulate Ag.
Binding of anti-Ig-coated beads to A20 cells or resting splenic
B cells resulted in rapid (within 3 min) accumulation of F-actin
at the contact site, and this was followed by extension of F-actin-
rich membrane protrusions part way around the bead (Figures
5A and 5B). Both 3D reconstruction of confocal images (Fig-
ure 5C) and scanning EM (Figure 6C) show that the F-actin-rich
membrane protrusions form a cup around the bead. Formation
of these cups can also be induced by Ag-coated beads (Figures
5C and 5D). A20 cells expressing a dinitrophenyl (DNP)-specific
membrane IgM formed F-actin-rich cups at the site of contact
with DNP32-BSA-coated beads. The BCR accumulated at the
bead:cell contact site (Figure S4A), and BCR-induced tyrosine
phosphorylation (pTyr) was concentrated at the contact site in
both A20 cells and splenic B cells (Figure S4B). In addition, there
was dramatic relocalization of the Rap effector RapL to the bead
contact site in splenic B cells (Figure S4C). Because RapL binds
activated Rap, these data suggest that Rap-GTP is at the con-
tact site. Formation of F-actin-rich cups was a specific, actin-
dependent response to BCR engagement. Beads coated with
Abs to CD40 or LFA-1 did not induce cup formation (Figures
S5 and S6C). Moreover, latrunculin A, which caused almost
complete loss of polymerized F-actin, prevented the formation
of membrane cups at bead contact sites (data not shown).
We found that Rap activation was required for the cytoskeletal
reorganization involved in forming F-actin-rich cups. Anti-Ig
beads induced robust activation of Rap1 in A20 cells, and this
could be blocked by RapGAPII expression (Figure S6A). Impor-
tantly, confocal microscopy of bead:cell conjugates showed that
preventing Rap activation substantially decreased the percent of
bead-bound cells that formed F-actin-rich cups, and also slowed
Immunity
Rap Regulates B Cell Cytoskeleton and Signalingthe kinetics of cup formation (Figures 6A and 6B). The RapGAPII-
expressing A20 cells bound the anti-Ig-coated beads at the same
rate as the control cells (Figure S7C), but fewer of these cells
showed increased F-actin at the bead:cell contact site or formed
F-actin-rich cups (Figures 6A and 6B). This difference was most
evident at early times (e.g., 3 min), but at all time points up to 2 hr,
the RapGAPII-expressing cells formed F-actin-rich cups less fre-
quently than control cells (Figure 6B). Scanning EM showed that
control A20 cells extended membrane processes around the
beads, whereas many RapGAPII-expressing cells bound anti-Ig
beads but did not extend membrane processes (Figure 6C). Sim-
ilarly, real-time imaging showed that control cells extended dy-
namic membrane processes that contacted the anti-Ig beads
(Movie S1), whereas RapGAPII-expressing cells that bound
beads did not exhibit this extensive membrane dynamics (Movie
S2). Expressing the dominant-negative Rap1N17 protein also
reduced the ability of both A20 cells and splenic B cells to form
F-actin-rich cups with anti-Ig-coated beads (Figures 6D and
6E). Thus, Rap activation is important for BCR engagement to ini-
tiate localized F-actin accumulation and the extension of mem-
brane processes that increase the contact area with a particulate
BCR ligand. Interestingly, anti-LFA-1-coated beads activated
Rap1 and Rap2 in A20 cells but did not induce cup formation
(Figure S6), either because they do not activate Rap to the
same extent as anti-Ig beads or because other BCR-specific
signals are also required for forming F-actin-rich cups.
Rap Activation Is Important for BCR Signaling
Initiated by Anti-Ig Beads
Because IS formation promotes sustained TCR signaling
(Gomez et al., 2006), we asked whether Rap-dependent for-
Figure 5. B Cells Form F-Actin-Rich Cups
When They Contact Anti-Ig- or Ag-Coated
Beads
F-actin was visualized with rhodamine-phalloidin
(red), and nuclei were stained with DAPI (blue).
DIC images of the same cells are shown on the
left. Asterisks indicate the position of the bead.
In (A), (B), and (D), single confocal slices through
the centers of representative cells are shown.
(A) A20 cells mixed with anti-IgG-coated beads.
(B) Resting splenic B cells mixed with anti-IgM-
coated beads for 5 min.
(C) Three-dimensional reconstructions of F-actin-
rich cups.
(D) A20 cells expressing a DNP-specific mem-
brane IgM mixed with DNP32-BSA-coated beads
for 20 min. Scale bars represent 5 mm. Each panel
is from one of three experiments with similar
results.
mation of F-actin-rich cups was impor-
tant for BCR signaling in response to par-
ticulate Ags. We stimulated control and
RapGAPII-expressing A20 cells with
beads coated with anti-IgG-FITC and
then performed intracellular staining to
quantify total pTyr levels as well as phos-
phorylation of ERK and Akt. Gating on for-
ward scatter and FITC fluorescence allowed us to assess BCR
signaling in bead:cell conjugates (Figure S7A). The percentage
of cells that formed bead:cell conjugates was similar for control
and RapGAPII-expressing cells (Figures S7B and S7C).
Staining for pTyr revealed only small differences between con-
trol and RapGAPII-expressing A20 cells stimulated with anti-Ig
beads (Figure 7A and Figure S8A). In both cell populations, an
increase in the number of cells with pTyr levels above those in
unstimulated cells was seen at 5 min and was sustained for 2 hr.
Slightly fewer RapGAPII-expressing cells had increased pTyr
levels (Figures 7A), but these differences were not highly signifi-
cant (p values of 0.15–0.63). Moreover, the mean fluorescence
intensity of the pTyr signal was identical in the control and Rap-
GAPII cells that did respond (Figure S8A). Thus, the ability of anti-
Ig beads to induce tyrosine phosphorylation, a proximal BCR
signaling event, was not highly dependent on Rap activation.
In contrast, blocking Rap activation impaired the ability of anti-
Ig beads to induce sustained phosphorylation of ERK and Akt.
Intracellular staining showed that ERK phosphorylation induced
by anti-Ig beads was relatively unaffected at 5 min and 30 min,
but at 1 hr and 2 hr, both the magnitude of ERK phosphorylation
and the number of responding cells were reduced when Rap
activation was blocked (Figure 7C). Immunoblotting also showed
that sustained ERK phosphorylation required Rap activation.
The ability of anti-Ig beads to induce Akt phosphorylation was
also dependent on Rap activation at later time points (Figure 7D).
At 5 min after the addition of anti-Ig beads, RapGAPII-expressing
cells had slightly reduced phospho-Akt (p-Akt) in some experi-
ments but not others. However, at the 30–120 min time points,
blocking Rap activation consistently reduced the number of cells
with high amounts of p-Akt as judged by intracellular staining.Immunity 28, 75–87, January 2008 ª2008 Elsevier Inc. 81
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Rap Regulates B Cell Cytoskeleton and SignalingImmunoblotting also showed that sustained Akt phosphorylation
required Rap activation. The inability of anti-Ig beads to induce
sustained phosphorylation of ERK and Akt in RapGAPII-express-
ing cells was not due to a decreased ability of these cells to form
stable bead:cell conjugates. The percentage of cells binding anti-
Ig-FITC beads was nearly identical in control and RapGAPII-
expressing A20 cells at all time points from 5 min to 2 hr (Figure
S7C). A striking observation was that Rap activation was impor-
tant for sustained BCR signaling in response to particulate, but
not soluble, surrogate Ag. RapGAPII expression did not reduce
the ability of soluble anti-Ig Abs to induce phosphorylation of
ERK or Akt (Figure 7B and Figures S8B–S8D).
The decreased phospho-ERK (p-ERK) and p-Akt responses
induced by anti-Ig beads in RapGAPII-expressing A20 cells
could be due to the decreased ability of these cells to accumu-
late F-actin and form cups at the contact site. Indeed, using
latrunculin A to disrupt the actin cytoskeleton and prevent cup
formation had the same effect as blocking Rap activation. In la-
trunculin-A-treated cells stimulated with anti-Ig beads, sustained
ERK phosphorylation at 60 and 120 min was reduced, and Akt
phosphorylation was reduced at all time points (Figure 7E). We
showed this by immunoblotting because the amount of DMSO
used to deliver 10 mM latruculin A interfered with FACS analysis.
However, we could analyze Akt phosphorylation by FACS when
2.5 mM latrunculin A was used and found that this reduced the
number of cells in which anti-Ig beads induced Akt phosphoryla-
tion (Figure S9). These data are consistent with the idea that Rap-
dependent formation of F-actin-rich cups is important for signal-
ing by particulate Ags.
DISCUSSION
We have shown that the Rap GTPases link the BCR and LFA-1 to
cell spreading and IS formation, morphological changes that
promote Ag acquisition and facilitate the activation of B cells
by membrane-bound Ags. We also showed that Rap activation
and localized actin polymerization are required for optimal
BCR signaling in response to particulate ligands. Thus, Rap
might play a key role in the activation of B cells by membrane-
bound and particulate Ags.
BCR- and integrin-induced spreading, which we showed are
dependent on Rap activation, would enhance the ability of
B cells to scan the surface of APCs for Ags. This might be partic-
ularly important for germinal center B cells, which compete for
FDC-bound Ags that provide survival and differentiation signals.
Indeed, germinal center B cells interacting with FDCs in vivo ex-
hibit a spread morphology with multiple membrane processes
(Allen et al., 2007; Hauser et al., 2007).We found that LFA-1 clustering led to Rap activation, a re-
sponse that is also induced by ICAM-1 binding (Miertzschke
et al., 2007). In addition to promoting cell spreading, Rap1-
GTP initiates inside-out signaling that leads to further integrin ac-
tivation. This positive-feedback loop could enhance the ability of
B cells to adhere to ICAM-1-expressing cells and spread on their
surface. The initial binding of small numbers of activated LFA-1
integrins to ICAM-1 would lead to increased Rap-GTP, which
in turn would activate additional LFA-1 molecules. Eventually,
sufficient LFA-1 engagement would be achieved to promote
cell spreading. This might account for the ability of unstimulated
A20 cells and splenic B cells to spread on ICAM-1.
A key finding is that Rap activation is essential for B cells to
form an IS. This probably reflects the dual role of Rap-GTP in
promoting cytoskeletal reorganization that drives localized cell
spreading and contraction and in activating integrins. By using
lipid bilayers with mobile Ags and ICAM-1 to model IS formation,
Batista and colleagues showed that B cells interacting with
such membranes undergo rapid BCR-dependent spreading, fol-
lowed by contraction and concentration of the Ag into a cSMAC
(Fleire et al., 2006). At the same time, BCR-induced activation of
LFA-1 and the subsequent binding of LFA-1 to ICAM-1 stabilizes
the B cell:membrane interaction, increases the contact area,
and greatly enhances Ag accumulation at the IS by promoting
pSMAC formation (Carrasco and Batista, 2006b; Carrasco
et al., 2004). We found that LFA-1-dependent pSMAC formation
is strongly dependent on Rap activation. Consequently, blocking
Rap activation resulted in a substantial reduction in the ability of
the B cell to gather Ag into the cSMAC. A key function of the IS is
to reduce the amount of Ag required for B cell activation by gen-
erating high local concentrations of Ag (Carrasco and Batista,
2006b; Carrasco et al., 2004). Because pSMAC formation and
efficient Ag accumulation at the IS require Rap-GTP, Rap activa-
tion is likely to play an important role in the activation of B cells
by Ags that are present at low concentrations on the surfaces
of APCs.
The inability of RapGAPII-expressing A20 cells to form
a pSMAC might reflect the decreased ability of the LFA-1 on
these cells to bind ICAM-1 (McLeod et al., 2004). However, it is
also possible that some LFA-1 molecules on RapGAPII-express-
ing A20 cells can bind ICAM-1, but the cells cannot organize
them into a pSMAC. In T cells, the initial formation of the IS as
well as maintenance of the pSMAC depends on actin polymeri-
zation (Dustin and Cooper, 2000), and this process could be
controlled by Rap-GTP.
Another striking observation was that Rap activation is re-
quired for sustained BCR-induced activation of ERK and Akt
in response to anti-Ig-coated beads, which are a model forFigure 6. Rap Activation Is Important for Formation of F-Actin-Rich Cups at Contact Site with Anti-Ig Beads
(A) Vector control and RapGAPII-expressing A20 cells were mixed with anti-IgG-coated beads, then stained for F-actin (red) and nuclei (blue). Single confocal
slices through the centers of representative cells are shown. Asterisks indicate the position of the bead.
(B) The percentage of bead:cell conjugates in which F-actin-rich cups formed at the contact site was determined by confocal microscopy. Each data point is the
mean ± SEM for >30 bead:cell conjugates imaged in each of three to four experiments. *p < 0.05 and **p < 0.01 compared to control cells. Two independent sets
of experiments are combined in the line graph.
(C) Scanning EM images of control and RapGAPII-expressing A20 cells mixed with anti-Ig beads for 20 min.
(D and E) A20 cells or anti-CD40- plus IL-4-activated splenic B cells were transiently transfected with pmaxEGFP and pcDNA3.1 or pcDNA3.1-Rap1N17 before
being mixed with anti-Ig beads. The percentage of bead-bound EGFP+ cells forming F-actin-rich cups is shown in the graphs. For A20 cells, each bar is the
mean ± SEM for >30 bead:cell conjugates imaged in each of four experiments. *p < 0.05 and **p < 0.005 compared to control cells. For splenic B cells, several
independent experiments were performed, and >45 bead:cell conjugates were imaged for each point. Scale bars represent 5 mm.Immunity 28, 75–87, January 2008 ª2008 Elsevier Inc. 83
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Rap Regulates B Cell Cytoskeleton and Signalingparticulate Ags. Because the duration of BCR signaling might be
a critical determinant of B cell activation, the role of Rap-GTP in
sustaining BCR-induced phosphorylation of ERK and Akt might
be important for the activation of B cells by particulate or APC-
bound Ags. Interestingly, Rap activation was not required for ac-
tivation of ERK and Akt by soluble anti-Ig Abs, a uniformly distrib-
uted stimulus. Thus, Rap-GTP plays a specific role in the ability
of B cells to respond to spatially localized Ags. This might reflect
the ability of Rap-GTP to promote localized assembly of cyto-
skeletal structures that establish cell polarity, for example at
the leading edge of a migrating cell. The IS has been likened to
the leading edge of a migrating cell (Krummel and Macara,
2006), and this analogy might extend to F-actin-rich cups that
form when B cells bind particulate Ags.
We found that Rap activation was important for optimal ac-
tivation of ERK and Akt in response to a particulate Ag but that
BCR-induced tyrosine phosphorylation was relatively normal in
RapGAPII-expressing cells. Thus, Rap activation appears to play
a more important role in the activation of downstream signaling
pathways by particulate Ags that have immobile epitopes on
their surface than in tyrosine-kinase activation, a proximal BCR
signaling event. Using latrunculin A to promote the depolyme-
rization of F-actin also impaired the ability of anti-Ig beads to in-
duce phosphorylation of ERK and Akt. This suggests that Rap-
dependent formation of an F-actin-rich structure (e.g., a cup)
might be important for sustained activation of ERK and Akt by
a particulate Ag. Consistent with this idea, RNAi knockdown of
dynamin 2 or HS1 prevents F-actin accumulation at the T cell
IS, another polarized signaling structure, and this results in a fail-
ure to sustain TCR signaling (Gomez et al., 2005; Gomez et al.,
2006). Polymerized F-actin could act as a platform that helps
assemble, localize, and maintain signaling complexes such that
signaling can be sustained. Actin filaments might also stabilize
aggregated lipid rafts that contain signaling proteins (Gupta
et al., 2006).
The roles of individual Rap effectors in B cell spreading, IS
formation, and the formation of F-actin-rich cups remain to be
determined. Rap1-GTP can promote actin polymerization by
recruiting TIAM1 and Vav2, activators of the Rac and Cdc42
GTPases (Arthur et al., 2004; Gerard et al., 2007). Rac and
Cdc42 activate the Arp2/3 complex, which initiates actin poly-
merization. Rap-GTP also binds AF-6 and RIAM, both of which
bind profilin (Boettner et al., 2000; Lafuente et al., 2004). Profilin
primes actin monomers for addition to actin filaments (Paavilai-
nen et al., 2004). Myosin II, which regulates actin-dependentcontraction, is also a target of Rap signaling (Jeon et al., 2007).
In addition, integrin clustering driven by Rap-GTP might allow
integrins to nucleate the assembly of signaling complexes that
regulate the cytoskeleton. Whether clustered integrins can do
this even in the absence of ligand binding is not known.
In summary, we have shown that the Rap GTPases are key
regulators of cytoskeleton and membrane dynamics in B cells
and that this might have important implications for B cell activa-
tion. Further work is needed to elucidate the relative roles of
Rap1 and Rap2 in these processes. Although Rap1 and Rap2
bind overlapping sets of effector proteins, differences in the rel-
ative affinities of Rap1-GTP and Rap2-GTP for individual effector
proteins (e.g., RapL [Miertzschke et al., 2007]), as well as differ-
ences in the spatial or temporal pattern of Rap1 activation versus
Rap2 activation (Ohba et al., 2000), could allow Rap1 and Rap2
to control different aspects of cytoskeletal organization and
membrane dynamics.
EXPERIMENTAL PROCEDURES
Cells
Several independent populations of A20 and WEHI-231 cells (ATCC) stably
transduced with pMSCVpuro (BD Biosciences Clontech) or pMSCVpuro-
FLAG-RapGAPII (Durand et al., 2006; McLeod et al., 2004) were used. A20
cells expressing DNP-specific human IgM (Lankar et al., 2002) were a gift
from D. Lankar (Institut Curie, Paris, France). Murine splenic B cells (>95%
CD19+) were isolated by depletion of non-B cells (Durand et al., 2006). The
UBC Animal Care Committee approved all protocols. Where indicated, splenic
B cells were activated for 48 hr with 5 ng/ml IL-4 (R & D Systems) and 5 mg/ml
LPS or CD40 mAb. Cells were transiently transfected by nucleofection (Amaxa)
with Amaxa kit V for A20 cells or a splenic B cell transfection kit and used 24 hr
later.
Cell Spreading
Tissue-culture plates or glass coverslips were coated overnight at 4C with
goat anti-mouse IgG or IgM Abs (Jackson Immunoresearch), ICAM-1-Fc fu-
sion protein (StemCell Technologies), or rat mAbs against mouse aL integrin
(TIB213 [ATCC], M17/4 [eBioscience]), CD40 (1C10 [eBioscience]), or FcgRIIB
(2.4G2 [ATCC]), and then blocked with PBS/2% BSA for 2 hr. Cells (105 in 0.5 ml
culture medium) were plated on the coated surfaces and incubated at 37C.
Where indicated, cells were treated with PP2, latrunculin A or cytochalasin D
(Calbiochem-EMD). Cells scored as spread had an elongated or irregular
shape with membrane processes and a length >1.53 the width.
Bead:Cell Conjugates
A total of 43 107 4.5 mm polystyrene beads (Polyscience) were mixed with 2 mg
anti-IgG, anti-IgM, anti-LFA-1, or DNP32-BSA (Biosearch Technologies) for 1 hr
at 37C, blocked with 2% BSA for 30 min, and resuspended in modified
HEPES-buffered saline (mHBS; see Supplemental Data). To form bead:cellFigure 7. Rap Activation and F-Actin Are Important for Anti-Ig Beads to Induce Phosphorylation of ERK and Akt
(A) Control and RapGAPII-expressing A20 cells were mixed with anti-Ig-FITC-coated beads for 5–120 min and then analyzed by intracellular staining with anti-
pTyr. FITC fluorescence and forward scatter were used to gate on bead:cell conjugates (see Figure S7). Cells with a staining intensity greater than that in 95% of
unstimulated cells (0 min, no beads added), as indicated by the gates on the FACS plots in Figure S8A, were considered responding cells. The number of respond-
ing cells is expressed as the percentage of bead:cell conjugates. Each bar is the mean ± SEM for 2000 conjugates analyzed in each of three experiments.
(B) Control and RapGAPII-expressing A20 cells were stimulated with 1 mg/ml soluble anti-IgG and analyzed by intracellular staining with anti-p-ERK or anti-p-Akt
Abs. Cells with a staining intensity greater than that in 95% of the unstimulated cells, as indicated on the FACS plots in Figures S8B and S8C, were considered
responding cells. The number of responding cells is expressed as the percentage of all cells. Each bar is the mean ± SEM for 10,000 cells analyzed in three
experiments. Similar results were obtained by immunoblotting (Figure S8D).
(C and D) Control and RapGAPII-expressing A20 cells were mixed with anti-Ig-FITC beads and analyzed by intracellular staining or by immunoblotting with anti-
p-ERK (C) or p-Akt (D) Abs. Representative experiments are shown. The bar graphs show the number of responding cells expressed as the percentage of bead:
cell conjugates. Each bar is the mean ± SEM for 2000 conjugates analyzed in each of three experiments. *p < 0.05 and **p < 0.01 compared to control cells.
(E) A20 cells were treated with 10 mM latrunculin A or DMSO for 30 min and then mixed with anti-Ig beads. p-ERK and p-Akt levels were assessed by immuno-
blotting. Similar results were obtained in three experiments. For each panel, all lanes are from the same blot. Irrelevant intervening lanes were excised.Immunity 28, 75–87, January 2008 ª2008 Elsevier Inc. 85
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(53 105) beads to yield a 2:1 bead:cell ratio and incubated them at 37C. At the
end of the incubation, the cells and beads were pipetted onto coverslips
coated with 0.1% poly-L-lysine (PLL). We fixed cells by adding an equal
volume of 8% paraformaldehyde (PFA) and imaged them by confocal micros-
copy or scanning EM.
Scanning EM
A20 cells were plated on glass coverslips coated with immobilized Abs or were
mixed with anti-Ig beads and then added to PLL-coated coverslips. After fixing
the cells with glutaraldehyde, we processed the samples as described in the
Supplemental Data. Images were obtained with a Hitachi S4700 scanning
electron microscope (UBC BioImaging Facility).
Confocal Microscopy
Cells were plated on glass coverslips coated with immobilized Abs or mixed
with anti-Ig beads and then adhered to PLL-coated coverslips before addition
of an equal volume of 8% PFA. Fixed cells were washed with TBS (10 mM Tris-
HCl [pH 7.4] and 150 mM NaCl), permeabilized with TBS containing 0.5%
Triton X-100 for 10 min, and blocked with TBS/0.1% Triton X-100/2% BSA.
F-actin was visualized with rhodamine-phalloidin. Coverslips were treated
with ProLong Gold anti-fade reagent containing DAPI (Molecular Probes-Invi-
trogen), mounted onto slides, and imaged with an Olympus IX81/Fluoview
FV1000 confocal microscope. Images and 3D reconstructions were pro-
cessed with Olympus Fluoview 1.6 software.
Rap Activation
A20 cells (5 3 106) in 0.8 ml mHBS were added to six-well plates coated with
anti-IgG or anti-LFA-1. Reactions were stopped by addition of 0.2 ml of cold
53 Rap lysis buffer (see Supplemental Data). Alternatively, 5 3 106 cells in
0.4 ml mHBS were mixed with 0.1 ml (107) anti-IgG or anti-LFA-1 beads, and
reactions were stopped with 0.5 ml 23 lysis buffer. A GST-RalGDS fusion
protein was used for precipitating Rap1-GTP and Rap2-GTP, which were
detected by immunoblotting (McLeod et al., 2002).
Intracellular Staining Analysis of Signaling
A20 cells (106) in 0.5 ml mHBS were incubated with soluble anti-IgG or with 23
106 beads coated with FITC-conjugated goat anti-mouse IgG. Reactions were
stopped with 0.5 ml 8% PFA. Fixed cells were pelleted, permeabilized with
90% methanol for 10 min on ice, washed, and incubated with rabbit Abs to
pTyr (BD PharMingen), p-ERK, or p-Akt (Ser473) (Cell Signaling Technologies).
Donkey anti-rabbit IgG-Alexa 647 or -Alexa 488 was used for detection by
a BD Bioscience LSRII cytometer. FlowJo software (Tree Star) was used for
analysis.
Immune-Synapse Formation on Lipid Bilayers
Lipid bilayers containing Alexa-633-conjugated anti-mouse k chain Abs and
GPI-linked Alexa-532-conjugated ICAM-1 were prepared as described (Carra-
sco et al., 2004). A20 cells were allowed to settle onto the lipid bilayers for
30 min. IS were imaged by interference-reflection microscopy (IRM) and fluo-
rescence microscopy with a Zeiss Axiovert LSM 510-META inverted micro-
scope with a 633 oil-immersion objective. Volocity software (Improvision)
was used for image analysis.
Statistics
Student’s two-tailed t test was used for comparison of sets of matched
samples.
Supplemental Data
Additional Experimental Procedures, nine figures, and two movies are avail-
able at http://www.immunity.com/cgi/content/full/28/1/75/DC1/.
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